The glass-forming ability (GFA) and thermal stability of (Zr 65 Al 7:5 Cu 27:5 ) 100Àx Ti x (x ¼ 0$15; in at%) alloys have been investigated. It was revealed that a certain amount of Ti addition could improve the GFA of Zr 65 Al 7:5 Cu 27:5 alloy effectively. The best bulk metallic glass (BMG) forming composition was found at (Zr 65 Al 7:5 Cu 27:5 ) 93 Ti 7 . Bulk glassy samples with diameter of 7 mm were made by means of copper mold casting. Further Ti additions deteriorated GFA and led to the precipitation of icosahedral phase, and 3 mm quasicrystalline cylinder was obtained at (Zr 65 Al 7:5 Cu 27:5 ) 90 Ti 10 . Room temperature compression testing showed that the quasicrystalline alloy had a fracture strength of 1875 MPa, being 300 MPa larger than that of the (Zr 65 Al 7:5 Cu 27:5 ) 93 Ti 7 monolithic BMG.
Introduction
The existence of icosahedral short-range order (ISRO) in undercooled metallic liquids creates a thermodynamic barrier to the formation of periodic crystals. 1, 2) According to Inoue's guidelines for large glass-forming ability (GFA), 3) alloying a glass-forming liquid with other elements has been led to improved glass-forming abilities (GFAs). [3] [4] [5] [6] The enhanced stability of ISRO has been considered to be significant for the higher GFA thus obtained. 7) On the other hand, icosahedral atomic clusters are the building blocks of icosahedral quasicrystals (I-phase). 8) ISRO would find the chance to extend orderly in the liquid under favorable compositional and kinetic conditions. In this case I-phase appears to compete with glass formation. 9) Nanometer scaled I-phase formation has been observed during glass devitrification in a number of Zr-based bulk metallic glass forming alloys. 10, 11) The experimental evidence implies certain relations in the formation of BMGs and I-phases in these alloys. I-phases have strict structures and a limit compositional stability as well. 8, 12) BMG formation is also compositional sensitive. 4) Thus in a given system, it is worthwhile to systematically examine the alloy effect on their formations. In a previous work, we reported that, the addition of early transition metals as Ti, Nb, or Ta in the Zr 65 Al 7:5 Cu 27:5 alloy, triggered the Iphase formation via crystallization. 13) In the present work, we will make a thorough investigation on the compositional dependence of BMG and I-phase formation in the (Zr 65 Al 7:5 -Cu 27:5 ) 100Àx Ti x (x ¼ 0$15; in at%) alloy series. The mechanical properties of the best BMG and the quasicrystalline alloy are also studied.
Experimental
Alloy ingots of compositions (Zr 65 Al 7:5 Cu 27:5 ) 100Àx Ti x (x ¼ 0, 2, 3, 5, 7, 10, 12, and 15; at%) were prepared by arc melting the constituent elements under a Ti-gettered high purity argon atmosphere. The purities of metals are 99.9 mass% for Zr and Ti, 99.999 mass% for Al and 99.99 mass% for Cu. The ingots were remelted four times to improve homogeneity. The alloy ribbons with a cross section of about 0:05 Â 1:0 mm were prepared by using a single roller meltspinning apparatus with a wheel surface velocity of 40 m/s. Alloy rods with different diameters were made by means of copper mold suction casting.
X-ray diffraction (XRD) for phase identification was conducted on a Rigaku RINT-ultima IIIsp diffractometer with Cu-K irradiation ( ¼ 0:15406 nm). TA-DSC Q100 type differential scanning calorimetry (DSC) and TA-STD Q600 type differential thermal analysis (DTA) were employed to study the thermal stability. The constant heating rates for DSC and DTA measurements were 40 K/min and 20 K/min, respectively.
Rod specimens with a length/diameter ratio of 2 were adopted for the uniaxial compression testing. Quasi-static loadings (strain rate of 5 Â 10 À4 s À1 ) were conducted on an Instron at room temperature, and the strain was measured by using a strain gauge. The fracture surfaces of the broken samples were studied with scanning electron microscopy (SEM).
Results and Discussion
3.1 Glass-forming ability and formation of BMG and QCs XRD analysis indicated all the melt-spun (Zr 65 Al 7:5 -Cu 27:5 ) 100Àx Ti x (x ¼ 0, 2, 3, 5, 7, 10, 12, and 15; at%) samples were metallic glasses. The constant heating rate DSC traces of them were shown in Fig. 1 . Ti-addition is found to lead to a shift of the onset crystallization temperature (T x ), while the change glass transition temperature (T x is very subtle. The under-cooled liquid span, ÁT x ¼ T x À T g , reduced gradually with the increase of Ti content. Especially, the 3 at% Ti addition altered the crystallization mode from a single exothermic reaction to a two-stage mode within the temperature range 650$800 K.
The DTA curves of the melt-spun samples were shown in Fig. 2 , from which the onset melting temperature (T m ) and the liquidus temperature (T l ) was obtained. The GFAs of the serial compositions were assessed by the well recognized indicators:
16)
To avoid ambiguities, the calculation was made on those compositions showing a distinct glass transition. The calculated data were summarized in Table 1 . As shown in Fig. 3 , T rg increased with Ti-addition signal an enhanced GFA, while the indicators ( Fig. 3) and ÁT x ( Fig. 1(b) ) showed an opposite variation tendency of GFAs versus Ticontent.
To clarify the validity of the above three GFA indicators, alloy rods with 3 mm in diameter at these compositions were made by copper mold casting. The XRD patterns of these ascast samples were shown in Fig. 4 . BMG formation was observed within the composition range 3$7 at% Ti. At compositions with the Ti content less than 3 at%, the bulk samples were partially crystallized. The Zr 2 Cu-type crystalline phase was found to be the major precipitant. In the 10% Alloys Glass transition temperature, T g ; onset temperature of the first crystallization peak, T x1 ; onset temperature of the second crystallization peak, T x2 ; undercooled liquid region, ÁT x ¼ T x À T g ; onset temperature of melting, T m ; liquidus temperature, T l ,; reduced glass transition temperature T g =T m , T g =T l and ¼ T x =ðT g þ T l Þ. Glassy phase, G; Bulk metallic glass, BMGs and icosahedral quasicrystal, I. Ti alloy, I-phase formed and coexisted with the glassy phase. At even higher Ti contents, the Zr 2 Cu type phase precipitated and the I-phase was not observed any more. The information on phase formation in these bulk samples was included in Alloying effect of Ti on the formations of BMGs and I-phase were found to be pronounced in the present alloy system. It is evident that highest GFA was available only within a narrow composition span. Exceeding the composition span, competing phases such as the I-phase and the Zr 2 Cu-type phase began to appear. As to the Ti-addition effect on thermal stability, I-phase formation has been reported in the melt-spun glasses within the 3-10 at%Ti-content composition range. 16) At these compositions the crystallization mode was altered in comparison with the low Ti-content alloys. The alloying effect on thermal stability was assumed to be due to the modification of the local ISRO of the undercooled liquid, mostly on the chemical part of the SRO. During casting, the fact that I-phase can precipitate only in the vicinity of the composition containing 10% Ti indicates that I-phase formation relies on kinetic conditions. Under the identical cooling condition, the quasi-crystallization kinetics of the (Zr 65 Al 7:5 Cu 27:5 ) 93 Ti 7 liquid can be much more sluggish than that of the (Zr 65 Al 7:5 Cu 27:5 ) 90 Ti 10 alloy. Our casting experiment showed that the precipitation of Iphase was kinetically suppressed up to the 7 mm critical diameter. It is noticeable that even at a slower cooling rate, the Zr 2 Cu-type phase rather than the I-phase formed in the bulk samples. The crystallization of the bulk (Zr 65 Al 7:5 -Cu 27:5 ) 93 Ti 7 alloy liquid during solidification is quite different from that in the undercooled liquid region of its melt-spun samples.
17) The underlying reasons for the phenomenon remain unclear. The revealed compositional sensitive formation behavior of BMG as well as I-phase, together with the compositional sensitive phase transformations in the present alloys, demonstrated the significance of composition optimization in a known BMG-forming system.
Compression and fracture
The mechanical behaviors of the (Zr 65 1875 MPa and 93 GPa, respectively. Only an elastic deformation process before fracture was observed in the quasicrystalline alloy (Fig. 7) . The secondary electron images of their fracture surfaces were then obtained for a further analysis. As shown in Fig. 8(a) Figure 8(b) showed that river patterns predominated in its fracture surface. The intergranular fracture paths (Fig. 8(b) ) indicate that the remaining glassy phase in between the I-phase grains plays a role in the deformation process and in the final fracture. Inoue et al. proposed that I-phase particles suppressed the shear deformation of the intergranular glassy phase and resulted in the high fracture strength. 18) 
Conclusions
The present investigation revealed that the glass forming ability of Zr 65 
